Abstract. Rectified diffusion is a mechanism by which a strain wave can rapidly pump volatiles into a bubble and therefore increase the pressure in a closed system. The dynamic strain of either distant regional tectonic earthquakes or local volcanic tremor can be translated •o static strain inside a magma chamber via this process. We formulate a theory appropriate to the conditions of a magma chamber and calculate the increased pressure using realistic physical parameters. For a basaltic system initially at 130 MPa pressure, the excess pressure from rectified diffusion is between 0.4 and 4 MPa for a regional M_>8 earthquake. The pressure from rectified diffusion is often significantly above the static stress caused by deformation for documented cases of triggered eruptions and thus presents a more viable mechanism for triggering. Prolonged tremor can have a similar effect since the total pressure added increases linearly with the duration of the excitation.
Introduction
Earthquakes are often used empirically to forecast volcanic eruptions. However, the precise relationship between seismicity and magmatic activity remains enigmatic. In some cases, e.g., swarms, earthquakes are taken to be indicative of magma movement and therefore symptomatic of volcanic unrest. In other cases the relationship is apparently causal. There are a few documented cases of distant regional earthquakes triggering eruptions. In 1835, Darwin observed four volcanoes erupting after a large earthquake (M=8.5) on the Chilean coast [Darwin, 1896] . Newhall and Dzurisin [1988] document 50 cases of large regional earthquakes followed by caldera unrest. The only historical eruptions of both the Tao-Rusyr caldera and the Karpinsky group volcanoes occurred within days of a M=8.3 earthquake [Kimura, 1978] . In this study we limit ourselves to 11 of the best documented eruptions immediately following distant regional earthquakes. The eruptions we consider, shown in Figure 1 , were triggered by large tectonic events over 100 km away. Previous work has attempted to explain triggered eruptions by computing the static stress change from elastic deformation [Yamashina and Nakamura, 1978; Barrientos, 1994] 0148-0227 / 98 / 98JB-02130509.00 stress change thus computed can be as low as 100 Pa in some cases. These stresses are comparable to tidal stresses and therefore it is difficult to justify triggering a volcanic eruption. We present an alternative mechanism to relate large, distant regional earthquakes to eruptions.
A candidate mechanism would likely use the dynamic strain from distant regional earthquakes, of the order of 10 -•, to trigger activity. One such mechanism is rectified diffusion of dissolved vapor into preexisting bubbles in a magma body. Such bubbles exist in many natural systems as documented from melt inclusions [Lowenstern, 1995], volatile contents that exceed saturation at moderate depths [Johnson eta/., 1994], and evidence of coexisting gas phases in magma chambers [Lambert e• al., 1985] . When subjected to seismic waves, these bubbles expand and contract. Assuming the bubbles are originally near equilibrium with the vapor dissolved in the melt, when the bubbles contract, the vapor is oversaturated inside the bubble and diffuses out to the melt (See Figure 2) . When the bubbles expand, the vapor is undersaturated inside and diffuses in from the melt. Since the surface area of the expanded bubble is larger than the contracted one, the mass transfer process is not symmetric. There is a net flow of vapor into the bubble, and if bubble growth is limited by the total compressibility of the system, a pressure increase results. In addition, the diffusive layer is thicker during the contracting phase, resulting in a reduced concen- The limitations and assumptions of rectified diffusion as a pressure-increasing mechanism in natural magmatic systems are explored in sections 2-8. We present a model of rectified diffusion in magmatic systems which is closely related to the theory of Sturtevant et al. [1996] for geothermal systems in sections 2-3. We then specify the necessary constraints on the system and numerically estimate the magnitude of the effect in sections 4-7. The computed stresses are compared to static stress changes in an elastic halfspace in section ? and we discuss the implications for documented triggering cases.
Model Overview
We derive an expression for the increase of pressure produced by a seismic wave passing through a bubbly magma chamber by beginning with an equation 
where k is permeability, # is viscosity, L is a characteristic length of the magma body and t is time. Typical values of k are of the order of a millidarcy (10 -l• m2), and L is assumed to be at least 100 m. If the leaking fluid is magma, the ratio is never above 10 -6 for the results presented here. Even the leakage of steam, which has a much lower viscosity, would not affect the pressure until after ~100 days. During the earthquake, percolation is negligible and is not relevant to the mass balance in (4).
The second process, deformation of the walls, can be evaluated by assuming that the chamber walls are compressed elastically by the increasing pressure in the system. Simplifying the geometry to a sphere, Table 1 ).
The final pressure depends on the squares of the bubble radius r0 and dynamic strain 5. Both parameters must be constrained by observations of natural systems.
Volatile Concentration
Hsieh We have not modeled the initial supersaturated system in detail, but we can propose a scenario in which the necessary conditions would exist. In a highly heterogeneous magma body undergoing vigorous convection as first suggested by Shaw [1965] , there will be some regions that are crystallizing and others that are resorbing mineral phases into the melt at any given time. As the system nears eruption, crystallizing regions that are undergoing second boiling and bubble growth should be common. During the preparatory stages of an eruption there may always be some region of the magma body that has recently become supersaturated and thus has small bubbles present. These regions would be the relevant areas for rectified diffusion to occur. This scenario highlights a few of the important requirements for triggering an eruption by dynamic strain. Rectified diffusion is a triggering mechanism. The magma-volatile system must already be present and exsolving gases. The volcanoes studied in this paper would have likely erupted eventually. The regional earthquakes merely accelerated the process. Also, the entire magma body need not be filled with small bubbles in order for rectified diffusion to occur. As long as a region has enough bubbles to meet the porosity constraint in (13) when normalized by the total volume of the magma body, then rectified diffusion will be an effective pressureraising mechanism.
Physical Constraints
The rate of pressure increase is very sensitive to the bubble radius. In a multiple bubble system an effective radius for the entire system can be calculated. The total volume change of all the bubbles present is equal to the volume change of N bubbles of an effective radius reft 
where the rupture velocity is assumed to be 2.9 km s -•.
Model Systems
Equation ( in basaltic systems, the effect of rectified diffusion is very small. This difference arises because CO2 is much less soluble in magmas than H20; that is, C• is lower. Since the diffusivity of CO2 in rhyolite is even lower than that of CO2 in basalt [Watson, 1994] and the solubility is ~30% lower in rhyolite [Blank, 1993] , the pressure increase will be even smaller than in the CO2-basalt system. Therefore the CO2-rhyolite system is not considered further in this work.
Historical Cases
Once a pressure increase occurs, a number of processes can eventually lead to dike propagation and a volcanic eruption. The nature of these mechanisms is uncertain and therefore the appropriate threshold for triggering an eruption is currently unknown. The goal of the present work is to show that rectified diffusion creates a much larger stress increase than the next most viable triggering mechanism. After the magma body is pressurized, the eruption can occur at any time. Since the magma-volatile solution is saturated or supersaturated at the end of the rectified diffusion process, the system can retain its pressure indefinitely. The pressure will be released either when an eruption occurs or when some other process such as percolation of gases continues for sufficient time (see equation (5) 
where r is the distance from the volcano to the hypocenter and M is the seismic moment. Equation (33) is the stress in the direction of maximum amplitude and so is an upper bound on static stress change. Therefore the comparison with rectified diffusion presented in Figure 6 is conservative. Figure 6 shows that in most triggering cases the pressure increase by rectified diffusion exceeds the static stress by factors of 100 or more. Certain eruptions seem more likely to have been triggered by such a mechanism than do others. For instance, the triggered phreatic activity at the mafic volcano Liamuiga is an excellent is not significant in Figure 6 is the eruption of Puyahe triggered by the 1960 Mw = 9.5 Chile earthquake. In the case of this extremely large earthquake the volcano was effectively in the near field and it is likely that the direct deformation effects are important [Barrientos, 1994] . Note that these first-order calculations only account for the rectified diffusion caused by the largest amplitude wave. Smaller amplitude, longer duration waves may have significant effects as well.
Volcanic Tremor
Volcanic tremor may have an effect on magma cham_-bers similar to that of distant regional earthquakes. Although the dynamic strains for tremor are much smaller than in tectonic events, the durations are longer. The Table 2. individual bubbles are assumed to be on the order of microns. The bubbles must have existed in a quasisteady state until a regional earthquake disturbed the system. Despite these limitations, it is clear that rectitled diffusion provides a more viable mechanism for explaining these events than has been provided to date. Future studies may demonstrate other mechanisms to be even more effective than rectified diffusion. However, it is important to realize that in a fluid system such as a magma chamber, a successful explanation of the observations requires incorporation of fluid dynamical mechanisms into seismological studies. This paper may be viewed as a case study of a particular mechanism that can provide a template for work to come.
